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studied in a biomimetic vesicle system
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Understanding membrane interactions and cell-wall permeation
of Gram-negative bacteria is of great importance, owing to in-
creasing bacterial resistance to existing drugs and therapeutic
treatments. Here we use biomimetic lipid vesicles to analyse
membrane association and penetration by synthetic derivatives of
polymyxin B (PMB), a potent naturally occurring antibacterial
cyclic peptide. The PMB analogues studied were PMB non-
apeptide (PMBN), in which the hydrophobic alkyl residue was
cleaved, PMBN diastereomer containing D- instead of L-amino
acids within the cyclic ring (dPMBN) and PMBN where the
hydrophobic alkyl chain was replaced with an Ala, repeat (Alag-
PMBN). Peptide binding measurements, colorimetric transitions
induced within the vesicles, fluorescence quenching experiments
and ESR spectroscopy were applied to investigate the structural
parameters underlying the different membrane-permeation pro-

files and biological activities of the analogues. The experiments
point to the role of negatively charged lipids in membrane bind-
ing and confirm the prominence of lipopolisaccharide (LPS) in
promoting membrane association and penetration by the peptides.
Examination of the lipid interactions of the PMB derivatives
shows that the cyclic moiety of PMB is not only implicated in
lipid attachment and LPS binding, but also affects penetration into
the inner bilayer core. The addition of the Ala, peptide moiety,
however, does not significantly promote peptide insertion into the
hydrophobic lipid environment. The data also indicate that the ex-
tent of penetration into the lipid bilayer is not related to the overall
affinity of the peptides to the membrane.

Key words: antibacterial peptides, fluorescence quenching, mem-
branes, polydiacetylene, polymyxin B.

INTRODUCTION

The emergence of bacterial strains resistant to conventional anti-
biotics is a major cause for inefficient therapy and increased
mortality from bacterial infection. These phenomena have led
to intensive efforts aimed at the development of novel drugs tar-
geting the bacterial cell membranes. Gram-negative bacteria, such
as Escherichia coli, have two cell-envelope membranes. The
inner cytoplasmic membrane consists primarily of phospholipids,
whereas the outer membrane is an asymmetric membrane com-
posed mainly of lipopolysaccharide (LPS) in the outer monolayer,
and phospholipids (with a composition similar to that of the
cytoplasmic membrane) in its inner monolayer [1,2]. LPS plays
a major role in conferring resistance of Gram-negative bacteria
toward toxic agents, most likely by participating in the formation
of an effective permeability barrier at the outer membrane.
Several hypotheses have been presented to explain the unique
permeability properties of LPS, utilizing various structural differ-
ences between LPS and phospholipids. Existing models variably
identify the biological determinants of LPS in its hydrophobic
core [3], head-groups [4] or other factors.

Polymyxin B (PMB), a cyclic cationic antibiotic decapeptide
(Figure 1A), has been one of the most efficient compounds
exhibiting LPS binding and outer-membrane-disorganizing capa-
bilities [5]. Specifically, PMB is believed to inhibit the biological
activities of LPS through high-affinity binding to the lipid A
moiety [6]. The therapeutic applications of PMB are limited,
however, because of its high toxicity. Previous studies have
attempted to overcome PMB toxicity through various chemical

modifications [7-9]. Polymyxin B nonapeptide (PMBN), for
example, is a cyclic peptide obtained from PMB by proteolytic
cleavage of its N-terminal hydrophobic acyl residue (Figure 1A)
with enzymes such as papain or ficin [10]. PMBN, however, is
a poor antimicrobial compound, but still capable of binding, like
PMB, to LPS, rendering Gram-negative bacteria susceptible to
various hydrophobic antibiotics by synergistic processes [11].

Other PMB and PMBN derivatives have been synthesized and
their biological properties investigated [12-14]. Table 1 sum-
marizes the sequences and membrane sensitization of PMB and its
derivatives studied here. The analogues were constructed through
modifications of the cyclic ring or the hydrophobic N-terminal
residue of the peptide. These compounds include PMBN, dPMBN
(PMBN containing diastereomeric D- rather than L-amino acid
residues) constructed to probe chirality and structural effects
within the cyclic ring [13], and Ala,-PMB (PMBN with an Alag
residue covalently attached; Figure 1B) synthesized in order to
examine the effects of a mildly hydrophobic peptidic sequence
[14]. Previous studies have detected distinct differences in the
biological properties and membrane permeation of those peptides
(Table 1), although all have insignificant antibacterial activities
compared with PMB [12-14].

In the present study we analysed lipid binding and membrane
penetration of the PMBN derivatives. Molecular and structural
information on membrane interactions of the PMBN derivatives
have been obtained here through application of a newly developed
biomimetic lipid/polydiacetylene (PDA) membrane assay [15—
17]. The lipid/PDA platform consists of vesicles composed of
interspersed natural lipids and polymerized PDA, which undergo

Abbreviations used: Alag-PMBN, polymyxin B nonapeptide (PMBN) where the hydrophobic alkyl chain is replaced with an Alag repeat; DMPC, dimyristoyl
phosphatidylcholine; DMPG, dimyristoyl phosphatidylglycerol; dPMBN, PMBN diastereomer containing b- instead of L-amino acids within the cyclic ring;
LPS, lipopolysaccharide; NBD-PE, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine; OM, outer membrane;
PDA, polydiacetylene; PMB, polymyxin B; THF, tetrahydrofuran; 5-DS, 5-doxyl stearic acid; Uv-vis, UV-visible.
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Figure 1  (A) Structure of PMB (arrow indicating the cleavage site yielding

PMBN) and (B) structure of Alag-PMBN

Table 1 Sequences and sensitizing activities of PMB, PMBN and the PMBN
analogues

Relative OM
Peptide Sequence* permeabilityt
PMB 6-Methylheptanoyl/octanoyl-XTXcyclo[XXFLXXT] ¥
Alag-PMBN AAAAAATXcyclo-[XXFLXXT] ++++
PMBN TXcyclo[XXFLXXT] +4+++++
dPMBN TXcyclo[XXFLXXT] +

* p-Amino acids are in boldface text; X is diaminobutyric acid.

+ Quter membrane (OM) permeability is the peptide’s ability to increase the penetration
of a hydrophobic antibiotic through the OM of E.coli and Klebsiella pneumoniae detailed in
[12—14], where ++-++-++ represents the highest activity.

+ PMB has a direct high antibacterial activity [MIC (minimum inhibitory concentration)
34 11g/ml], whereas the other analogues lack such activity.

rapid blue-to-red transitions induced by interactions with varied
biological molecules. Previous studies of the biophysical proper-
ties of lipid/PDA vesicles indicate that the lipids and PDA form
interspersed interacting microscopic phases [18-21]. Importantly,
the phospholipids incorporated within the PDA matrix adopt a
bilayer structure, the dominant lipid organization within cellular
membranes [21]. Published data further point to the contribution
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of changes in fluidity within the lipid domains for induction of
the blue-to-red transitions [15,21].

We have previously demonstrated that PDA-based vesicles
could be used for studying membrane processes such as peptide—
membrane interactions [15,16,22], membrane permeation by
penetration enhancers [18] and biological recognition events oc-
curring at membrane interfaces [17]. Of particular importance in
the context of the present study, the polymeric PDA matrix which
forms the scaffold of the mixed vesicles can incorporate different
lipid components while maintaining its overall sensitivity to mem-
brane properties and processes [21,22]. In the present study, ap-
plication of lipid binding measurements, colorimetric analysis
and spectroscopic techniques such as fluorescence quenching and
ESR sheds light on membrane interactions of the PMB derivatives
and their permeation properties.

EXPERIMENTAL
Materials

Phospholipids, including dimyristoyl phosphatidylcholine
(DMPC), dimyristoyl phosphatidylglycerol (DMPG) and LPS
from E. coli 055:B5 were purchased from Sigma. LPS was
dialysed in 1 mM EDTA (Sigma) for 24 h, followed by distilled
water, in order to remove excess bivalent cations (which generally
cause precipitation of lipid/PDA vesicles). The diacetylenic
monomer 10,12-tricosadiynoic acid was purchased from GFS
Chemicals (Powell, OH, U.S.A.), washed in chloroform, and
filtered through a 0.45-pm-pore-size filter prior to use.

PMB sulphate was purchased from Sigma. Synthesis and puri-
fication of the PMB derivatives is described elsewhere [12—-14].
The more abundant alamethicin homologue containing glutamic
acid at position 18 (Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-
Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-Gln-Phe-OH, where Aib de-
notes o-aminoisobutyric acid) was used (Sigma).

Vesicle preparation

Preparation of vesicles containing lipid components and PDA
(DMPG/DMPC/PDA, 1:1:3 molar ratio, LPS/DMPC/PDA,
0.2:2:3 molar ratio) was carried out as follows. All lipid constitu-
ents were dissolved in chloroform/ethanol (1:1,v/v) and dried
together in vacuo up to constant weight, followed by addition
of deionized water and probe sonication (Ultrasonic model
XL2020 sonicator; Misonix Inc., Farmingdale, NY, U.S.A.; output
power 550 W) at 70 °C for 2-3 min. The vesicle solution was then
cooled at room temperature and was kept at 4 °C overnight. The
vesicles were then polymerized using irradiation at 254 nm for
10-20 s, with the resulting solutions exhibiting an intense blue
appearance.

Dansyl-PMBN displacement assay

The fluorescence of dansyl-PMBN bound to vesicles was
measured at 28 °C using an SLM Aminco—Bowman spectrofluori-
meter with excitation at 340 nm and emission acquired at 485 nm.
Increasing quantities of dansyl-PMBN (1 x107°~1x 107> M) were
added to a quartz cuvette containing vesicle solution (7.5 ul,
1 mM) and buffer (7.5 pul, Tris base, 50 mM, pH 8). The solution
was diluted to 1 ml with distilled water and fluorescence was
recorded. The fluorescence of vesicle-bound dansyl-PMBN (1 x
10~* M) was determined at 85 % of maximum fluorescence, which
served as the control sample. The decrease in dansyl-PMBN
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fluorescence (percentage decrease from control) as a result of
progressive addition of peptides was then measured.

Determination of partition coefficients

Calibration graphs for determination of concentrations of the sol-
uble peptides were initially constructed using the Lowry method
[23]. The calibration graphs were employed to evaluate the con-
centrations of peptides unbound to the lipid/PDA vesicles. In-
creasing quantities of peptide were added to aqueous lipid/PDA
vesicle solutions (0.5 mM total lipid concentration; with 25 mM
Tris buffer at pH 8), the solutions were left at room temperature
for a few minutes to allow equilibration, and were centrifuged
at 85000 g for 40 min in order to precipitate the vesicle—peptide
aggregates. The concentration of soluble (unbound) peptide in the
supernatant was determined from the calibration curve, and was
subtracted from the initial concentration to yield the amount of
bound peptide.

UV-vis (UV-visible) measurements

Samples were prepared by adding peptides (at final concentrations
of between 5 and 100 ©M) to 0.06 ml of vesicle solution at 0.5 mM
total lipid concentration and 25 mM Tris (pH 8). The PMBN
derivatives were dissolved in water (in the synergy experiments
alamethicin was dissolved in trifluoroethanol). Following addition
of the peptides, the solutions were diluted to 1 ml and UV-vis
spectra were acquired. UV-vis spectroscopy measurements were
carried out at 28 °C on a Jasco V-550 spectrophotometer, using a
1-cm-optical-pathlength cell.

A quantitative value for the extent of the blue-to-red colour
transitions within the vesicle solutions is given by the colorimetric
response (% CR), which is defined as follows [24]:

%CR = [(PB, — PB,)/PB,] x 100

where PB = Ay.o/(Aue + Ara), A is the absorbance either at the
‘blue’ component in the UV-vis spectrum (640 nm) or at the ‘red’
component (500 nm) (note that ‘blue’ and ‘red’ refer to the visual
appearance of the material, not its actual absorbance). PBy is the
blue/red ratio of the control sample (before induction of a colour
change) and PB; is the value obtained for the vesicle solution after
colorimetric transition occurs.

Fluorescence quenching measurements

The fluorescent probe NBD-PE [N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanola-
mine) triethylammonium salt was purchased from Molecular
Probes, Inc. (Eugene, OR, U.S.A.). NBD-PE was dissolved in
chloroform, added to phospholipids at 1 mol % and dried together
in vacuo before sonication (see under the subsection ‘Vesicle
preparation’). Addition of NBD-labelled lipids did not affect
either the blue colour of the vesicles or the blue-to-red transitions.
Samples were prepared by adding peptides, at a concentration of
15 uM, bound to 0.06 ml of vesicle solution and at 0.5 mM total
lipid concentration, to 25 mM Tris base, pH 8. The quenching
reaction was initiated by adding sodium dithionite (Na,S,0,;
Aldrich) from a 0.6 M stock solution, prepared in 50 mM Tris
base buffer, pH 11, to a final concentration of 10 mM. The de-
crease in fluorescence was recorded for 120s at 28 °C using
467 nm excitation and 535 nm emission on an Edinburgh Co.
(Edinburgh, Scotland, U.K.) FL920 spectrofluorimeter. The fluo-
rescence decay was calculated as a percentage of the initial
fluorescence measured before the addition of dithionite.

ESR

Samples for the ESR experiments were prepared using the spin
label 5-doxyl stearic acid (5-DS, Sigma). 5-DS was added to the
vesicle samples after the polymerization step at a spin label/lipid
molar ratio of 1:100. Samples were placed in a 20-mm-long,
I-mm-internal-diameter quartz capillary and recorded using a
Bruker EMX-220 digital X-band spectrometer operating at room
temperature. The amplitudes of 12.5 and 100 kHz modulation
and the microwave power level were chosen at subcritical values
(0.5G and 10 mW respectively) to reach the best signal-to-
noise ratio. Processing of the ESR spectra (digital filtering,
double integration, etc.) was carried out using Bruker WIN-EPR
software.

RESULTS
Membrane interactions of PMB and PMBN: synergy experiments

An important biological characteristic of both PMB and its PMBN
derivative is the facilitation of membrane penetration for varied
chemical and biological molecules through synergistic effects
[12-14]. The penetration synergy has been ascribed to the strong
interactions of the peptides with the LPS head-groups, thus
reducing the permeation barrier of bacterial outer membranes
[25-27]. We have examined whether synergy effects are also
observed for PMB and PMBN interactions with the biomimetic
LPS/DMPC/PDA chromatic vesicles (Figure 2). We chose to
examine the synergy effects specifically only for PMB, the parent
molecule, and PMBN, the generic derivative, for which biological
synergies were previously determined [26,27].

The initial blue colour of the vesicles (% CR defined as zero)
arises from the electronic delocalization within the conjugated
PDA backbone [28]. Furthermore, the blue-to-red transitions
(corresponding to an increased %CR) observed in PDA systems
have been ascribed to structural alterations of the conjugated
network [28,29]. Previous studies have indicated that the lipid
moieties form organized bilayer domains within the lipid/PDA
vesicles. It was also shown that interactions between the lipid
domains and membrane-active compounds induce colour trans-
itions by perturbation of the polymer pendant side chains through
the molecular interface between the lipids and the PDA matrix
[15,16,21]. The lipid compositions of the vesicles employed in the
present study were designed to create model systems representing
bacterial membranes, in particular for studying the role and
significance of LPS at the outer bacterial wall (in the case of
LPS/DMPC/PDA) for peptide binding and permeation.

Figure 2 depicts the colorimetric transitions (%CR; see the
Experimental section) induced by PMB and PMBN added in trans
with the hydrophobic membrane peptide alamethicin [30] to
aqueous solutions containing LPS/DMPC/PDA vesicles. The
blue-to-red colour changes depend upon the concentration of
the peptide in the vesicle solution, as shown in Figure 2. We
have previously shown that alamethicin, a short transmembrane
antibacterial peptide, induces moderate colorimetric transitions
when added to aqueous solutions containing DMPC/PDA vesicles
[15]. The curves presented in Figure 2 indicate that the %CR
increased at higher concentrations of alamethicin in the LPS/
DMPC/PDA vesicle solutions (corresponding to more pro-
nounced blue-to-red transitions). However, the colorimetric
graphs specifically demonstrate that, when PMB (Figure 2A) or
PMBN (Figure 2B) are added with alamethicin in trans, greater
blue-to-red transitions are induced compared with the addition
of alamethicin alone. For example, at a concentration of 150 uM,
alamethicin induced a %CR of 80% in the presence of PMB,

© 2003 Biochemical Society
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Figure 2 Synergy action observed for PMB and PMBN interacting with
biomimetic lipid/PDA vesicles

Curves showing the relationship between the %CR and concentrations of PMB (A) or PMBN (B)
in solutions containing LPS/DMPC/PDA vesicles to which were added alamethicin (------) or
PMB (or PMBN) + alamethicin in trans (PMB or PMBN concentration kept constant at 2 .cM)
(---). The broken lines parallel with the x-axes indicate the %CR induced following addition of
only PMB (or PMBN) at 2 <M concentration.

but only around 50 % without PMB (Figure 2A). Similarly, when
PMBN and alamethicin are added in trans to the vesicles the
induced %CR was 70 % (Figure 2B).

The effect of the peptides is clearly synergistic rather than
additive — the parallel lines depicted in Figures 2(A) and 2(B)
(at around 6 % CR) correspond to the %CR induced only by the
constant PMB (or PMBN) concentrations added to the alamethicin
solutions. Thus the higher %CR values recorded when ala-
methicin is added to the vesicles in the presence of PMB or PMBN
are not due to the simple sums of the individual %CR induced
by alamethicin alone and PMB (or PMBN) alone — but are rather
due to synergistic effects. Overall, the experiments depicted in
Figure 2 verify the biological relevance of the colorimetric assay.
The synergy apparent in the lipid/PDA vesicle system (Figure 2)
is consistent with biological observations for both PMB and
PMBN in conjunction with hydrophobic antibiotics [25-27].

Peptide-vesicle binding analysis

An essential element in the analysis of peptide—-membrane in-
teractions is evaluation of the relative binding of the peptides
to the lipid bilayers. In order to explore the affinities of the
PMBN derivatives to the vesicles, we carried out fluorescence
experiments utilizing a dansyl-PMBN displacement assay [12,31]
(Figure 3). This assay estimates the relative affinities of peptides to

© 2003 Biochemical Society
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Figure 3 Dansyl-PMBN displacement assay

The Figure shows the decrease in fluorescence following displacement of dansyl-PMBN residues
by the peptides; different extents of peptide affinity to lipid/PDA vesicles among PMB and the
PMBN analogues are evident. Graphs depict the results of the dansyl-NPMB displacement assay
(see the Experimental section). Peptides were added to solutions of (A) DMPG/DMPC/PDA
vesicles or (B) LPS/DMPC/PDA vesicles. Peptides added: l, PMB; A, dPMBN; <, Alas-
PMBN; @, PMBN.

lipid vesicles through their capabilities to displace lipid-associated
dansyl-PMBN residues [12,31]. The dansyl group fluoresces
when located within a hydrophobic lipid environment, whereas
it undergoes self-quenching in aqueous solution following dis-
placement by membrane-bound species [31]. The aim of the
application of the dansyl-PMBN displacement assay in the lipid/
PDA vesicle system was to provide insight into differences in
the binding profiles of the peptides and the concentration of
putative binding sites for the peptides within the lipid moieties.
Figure 3 depicts the results of the displacement assay for
DMPG/DMPC/PDA (Figure 3A) and LPS/DMPC/PDA vesicles
(Figure 3B). Examination of the fluorescence quenching curves in
Figure 3 reveals distinct differences among the binding profiles of
the peptides. PMB exhibits the strongest binding in the two vesicle
systems — apparent as both the fastest decrease in fluorescence
(in relation to peptide concentration), as well as the maximal
fluorescence inhibition achieved (the plateau in the inhibition
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Figure 4 Centrifugation binding assay
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Different partition coefficients and maximal bound concentrations are observed for the PMB analogues. Results are shown for DMPG/DMPC/PDA () and LPS/DMPC/PDA (O) vesicles. The lines
correspond to the calculated slopes reflecting the partition coefficients of the peptides (see the text). Peptides: (A) PMB; (B) PMBN; (C) dPMBN; (D) Alag-PMBN.

curve). This result indicates that PMB replaces most of the lipid-
bound dansyl-PMBN, leading to significantly higher quenching
of the fluorescence of the dansyl moiety compared with the other
analogues.

The dansyl-PMBN displacement assay (Figure 3) further in-
dicates that the PMBN derivatives exhibit smaller affinities to the
lipid/PDA vesicles compared with PMB. Differences are ob-
served, however, in the binding properties among the peptides,
and also in the relative binding of each peptide to a particular
vesicle composition. dPMBN induces a steep rise in fluorescence
inhibition in DMPG/DMPC/PDA and LPS/DMPC/PDA vesicles,
suggesting high affinity of the peptide to the lipid moieties.
However, the low plateaux reached at higher concentrations of
dPMBN in both vesicle systems (20 % in DMPG/DMPC/PDA
and about 10% in the LPS-containing vesicles) indicate a re-
latively low displacement of dansyl-PMBN by the peptide. This
result could be explained by localization of the diasteromeric
peptide only at the lipid/water interface. The moderate slopes
of fluorescence inhibition and low plateaux (under 30 % fluo-
rescence inhibition) recorded in the cases of PMBN and Alag-
PMBN indicate small substitution of the dansyl-PMBN by these
analogues and low affinities to the vesicles.

The dansyl-PMBN assay provides useful information on the
relative binding of the peptides to the lipid/PDA vesicles. We
have further applied a centrifugation binding assay for evaluation
of the water/vesicle partition coefficients of the peptides in the
lipid/PDA system (Figure 4). The centrifugation binding assay
determines the equilibrium concentration of the bound peptides
by precipitation of the peptide—vesicles assemblies using ultra-
centrifugation (see the Experimental section). Application of
the centrifugation binding assay for determination of the binding
profiles of the peptides is particularly important here because it

Table 2 Partition coefficients (fraction of vesicle-bound peptide concen-
trations) calculated for PMB and PMBN analogues with different vesicle
compositions using the centrifugation binding assay (see the Experimental
section)

Partition coefficient

Peptide Vesicle composition . . . LPS/DMPC/PDA DMPG/DMPC/PDA
PMB 0.91 0.80
PMBN 0.76 0.63
dPMBN 0.48 0.33
Alas-PMBN 0.53 0.52

is a direct method for evaluation of peptide affinities, whereas
the dansyl-PMBN displacement assay provides an indirect in-
formation upon the binding (based upon the fluorescence from
the displaced dansyl-PMBN). Furthermore, the structural simi-
larity between the PMBN analogues studied here and the dansyl-
PMBN utilized in the displacement assay might affect the accurate
comparison of relative peptide affinities using only the dansyl-
PMBN fluorescence analysis.

Figure 4 depicts the results of the centrifugation binding assay
applied for each peptide with DMPG/DMPC/PDA and LPS/
DMPC/PDA vesicles respectively. Generally the binding curves
consist of two domains: an almost-linear increase correlating
the total peptide concentration and vesicle-bound concentration
(with the slopes reflecting the water/lipid partition coefficients
of the peptides; Table 2), followed by a plateau corresponding to
the maximal concentration of vesicle-bound peptide (the binding
capacity).

© 2003 Biochemical Society
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The results shown in Figure 4 and Table 2 reveal distinct
differences in the binding profiles of the peptides. PMB exhibits
a stoichiometric ratio closer to unity between bound and total
peptide concentrations (Figure 4A and Table 2), which indicates
the highest affinity among all peptides to the two vesicle models,
similar to the results of the dansyl-PMBN displacement assay
discussed above (Figure 3). In addition, the binding curves of
PMB in Figure 4(A) show a greater maximal bound concentration
of the parent peptide to the LPS/DMPC/PDA vesicles (approx.
225 uM compared with 120 uM for DMPG/DMPC/PDA), in-
dicating higher binding capacity of PMB when LPS is incorpor-
ated within the vesicles. This observation attests to the significance
of LPS in inducing PMB binding to bacterial outer membranes
[31].

PMBN (Figure 4B) and its diastereomeric analogue dPMBN
(Figure 4C) exhibit similarly higher binding capacities in LPS/
DMPC/PDA vesicles compared with DMPG/DMPC/PDA ves-
icles, although to a lesser extent than PMB; maximal bound con-
centrations are about 140 and 100 uM for PMBN and dPMBN re-
spectively (Figures 4B—4C). The partition coefficients of PMBN
and dPMBN similarly indicate higher affinities of these peptides
to vesicles containing LPS compared with DMPG (0.76 versus
0.63 for PMBN, 0.48 versus 0.33 for dPMBN; Table 2). However,
the partition coefficients recorded for those analogues are again
significantly lower than for PMB (Table 2), indicating lesser
affinities of PMBN and dPMBN to the lipid bilayers and consistent
with the lower biological activities of the analogues in relation to
PMB (Table 1). Interestingly, Alas;-PMBN (Figure 4D) seems
to bind with almost identical affinities of about 0.5 to both
vesicle compositions. This result suggests that the peptidic side
chain is also affecting the binding of the Ala,-PMBN analogue to
the LPS-containing bacterial outer membrane.

Specific differences are observed, however, between the ap-
parent binding strengths of the PMBN analogues to the LPS/
DMPC/PDA vesicles compared with DMPG/DMPC/PDA vesi-
cles, as extracted from the two binding assays (Figures 3 and 4).
The centrifugation assay, for example, indicates higher affinities
of the analogues to the LPS-containing vesicles (Figure 4), where-
as the dansyl-PMBN assay seems to suggest more pronounced
attachment to the DMPG/DMPC/PDA assemblies. It is important
to emphasize that the PMBN moiety in the dansyl-PMB probe
binds much more tightly to the LPS groups within the LPS/DMPC/
PDA vesicles; thus its displacement by the PMBN analogues
becomes much more ‘costly’ compared with the situation in the
DMPG/DMPC/PDA vesicles. This is a primary reason for appli-
cation of the centrifugation binding assay in the present study.

Colorimetric analysis of peptide-membrane interactions

The binding data presented in Figures 3 and 4 provide important
information on the relative affinities of PMB and the PMB
derivatives for membranes. The biological activities of the com-
pounds are determined, however, not only by their binding prop-
erties, but to a large extent by the effects on membrane structure
and organization [32]. Relative penetration and lipid bilayer
disruption by the PMBN derivatives have been evaluated here
through analysis of the colorimetric transitions induced within
DMPG/DMPC/PDA vesicles and LPS/DMPC/PDA vesicles (Fig-
ure 5). Previous studies have indicated that lipid/PDA vesicles
mimic cellular membrane environments and provide information
on membrane processes [15,16]. We have shown that the lipid
moieties in the mixed vesicles form organized bilayer domains
within the polymer matrix [20,21], and that the blue-to-red trans-
formations in lipid/PDA vesicles depend upon disruption of the
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Figure 5 Colorimetric data obtained using lipid/PDA vesicles

Interface perturbation and more pronounced peptide—vesicle interactions are apparent when
LPS is present in the bilayer. Graphs show the relationship between the colorimetric response
(%CR) induced by different concentrations of bound peptides in aqueous solutions containing
(R) DMPG/DMPC/PDA or (B) LPS/DMPC/PDA vesicles. Peptides examined: l, PMB; @,
PMBN; <, Alag-PMBN; A, dPMBN.

lipid interface by membrane-interacting compounds and by their
depth of penetration into the lipid layer [16,17]. In particular,
we observed a correlation between the relative effect of the
membrane-active compounds upon the lipid surface and the de-
gree of colour change [16-18,21]. Peptides that preferably dis-
rupt the lipid head-group region were shown to induce more
pronounced colour transitions, while deeper penetration into the
hydrophobic lipid core generally gave rise to more moderate blue-
to-red transformations [15]. This correlation has been ascribed to
the perturbation of the pendant side chains of the PDA framework
induced by the interfacial effect within the lipid domains
transitions [24,28]. Thus greater lipid surface interactions would
result in more pronounced perturbations of the adjacent polymer
domains, giving rise to higher colorimetric response (%CR).
Figure 5 shows the quantitative relationships between the
colorimetric transitions and concentrations of the PMB deriva-
tives added to DMPG/DMPC/PDA vesicles (Figure 5A) and
LPS/DMPC/PDA vesicles (Figure 5B). The compositions of these
lipid/PDA models were selected in order to examine the effects
of lipid type on membrane interactions of the peptides. Accurate
interpretation of the colorimetric data requires calculations of the
colour transitions induced only by vesicle-bound peptides, rather
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than the fotal peptide concentration (which also includes unbound
peptide in the aqueous solution [16,18]). Thus the curves shown
in Figure 5 take into account the relative partition coefficients
of the peptides with the lipid/PDA vesicles, calculated using
the centrifugation binding assay described above (Figure 4 and
Table 2). The colorimetric curves shown in Figure 5 exhibit an
initial increase in %CR, and reach %CR values between 60 %
and 80 %, corresponding to maximal red colour induced by the
bound peptides. In general, the informative part of the colorimetric
curves constitutes the slopes prior to saturation [15,16].

Examination of Figure 5 reveals both similarities as well as
distinct differences in membrane interactions of the peptides. In
both vesicle models the steepest colorimetric response (%CR)
curve (i.e. greater blue-to-red transitions in relation to peptide
concentration) is observed for dAPMBN, for which 60% CR is
attained after addition of less than 15 uM peptide concentration
(Figures 5A and 5B). We have previously demonstrated that a
relatively steep increase in %CR versus concentration is in-
dicative of a pronounced perturbation of the lipid head-group
region [16]. Accordingly, the colorimetric data suggest that
dPMBN mostly binds at the lipid/water interface rather than
penetrate into the hydrophobic core of the lipid bilayer. In
comparison with dPMBN, which resides at the lipid surface,
PMBN and Alas-PMBN both induce less %CR (on a peptide
concentration basis), indicating deeper penetration into the lipid
domains (Figures SA and 5B). However, a difference appears
between the behaviour of PMBN and Alag-PMBN in the
two vesicle compositions. Specifically, in DMPG/DMPC/PDA
vesicles, the %CR curves of the two analogues are almost coin-
cident (Figure 5A), whereas, in the LPS/DMPC/PDA assembly,
Alas-PMBN induces higher % CR than PMBN (Figure 5B). This
result suggests greater interfacial interaction for Alag-PMBN.

The colorimetric analysis further points to the specific role
of LPS in eliciting surface interaction of the PMBN analogues
(Figure 5B). For all three peptides the presence of LPS within
the lipid bilayers increases the %CR induced by the peptide.
For example, dPMBN at 15 uM gave rise to %CR of 50% in
DMPG/DMPC/PDA vesicles, but induced above 65 % in the
LPS/DMPC/PDA system, and the corresponding values for
PMBN were about 15 and 25 % respectively. Alas-PMBN exhi-
bited a particularly significant difference in its behaviour in the
two compositions: less than 20% %CR induced in DMPG/
DMPC/PDA vesicles and about around 45 % in the LPS/DMPC/
PDA assembly. This is further indication for the preferred surface
localization of Alagc-PMBN in LPS-containing bilayers.

Interestingly, PMB induces a moderate increase of %CR in
the DMPG/DMPC/PDA vesicles, with the %CR dose-response
curve appearing between the dPMBN curve on the one hand and
PMBN Alag-PMBN on the other (Figure SA). This result suggests
that PMB perturbs both the head-group region and inner core of
the lipid assembly. The effect of LPS in promoting penetration
of PMB into the bilayer is also clearly apparent in Figure 5(B),
which shows that lower %CR values are induced by the parent
peptide in the LPS/DMPC/PDA system.

Fluorescence and ESR spectroscopic analyses

Application of fluorescence quenching spectroscopy and ESR
complements the colorimetric measurements and provides ad-
ditional information on the interactions of the peptides with the
biomimetic lipid/PDA assemblies. Figure 6 depicts time—decay
curves of the NBD-PE fluorescence probe embedded within
DMPG/DMPC/PDA and LPS/DMPC/PDA vesicles respectively
after addition of the fluorescence quencher sodium dithionite [33—
35]. The fluorescence marker in NBD-PE is localized closer to the
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Figure 6 Fluorescence quenching of NBD-PE incorporated within lipid/PDA
vesicles

Different extents of lipid-interface perturbation by PMBN analogues are shown, the greatest
effect being induced by dPMBN. Time—decay curves of the fluorescence emission of NBD-PE
(at 535 nm) were recorded following the addition of peptides to vesicles containing (A) NBD-
PE/DMPG/DMPC/PDA (molar ratio 0.02:1:1:3) or (B) NBD-PE/LPS/DMPC/PDA (0.02:0.1:2:3).
Broken curves indicate control vesicles (no peptide added). Analogues added: i, PMB; ii, PMBN;
iii, Alag-PMBN; iv, dPMBN.

head-group region of the lipid bilayer and thus is a sensitive probe
for interfacial perturbations by membrane-active species [34].

Figure 6 demonstrates that, in both biomimetic vesicle systems,
all three PMBN analogues induced faster quenching of the NBD
fluorescence, resulting from their interactions with the lipid
moieties. Differences are apparent, however, among the peptides.
dPMBN, for example, gave rise to the highest quenching among
the analogues, both in DMPG/DMPC/PDA vesicles (less than
50% fluorescence observed after 2 min; Figure 6A) and LPS/
DMPC/PDA vesicles (around 45 % signal at 2 min; Figure 6B).
This result is indicative of the pronounced association of the
peptide at the lipid/water interface, which allows the soluble
dithionite easier access to the NBD moieties located closer to
the lipid bilayer surface. This interpretation is fully consistent
with the colorimetric data discussed above (Figure 5).

Slower fluorescence quenching was recorded for PMBN and
Alag-PMBN, albeit differences are observed between the two
vesicle systems. PMBN gave rise to a relatively slow quenching:
—60% signal after 120 s in NBD-PE/DMPG/DMPC/PDA and
70 % in NBD-PE/LPS/DMPC/PDA vesicles (curve ii, Figure 6),
consistent with the lesser head-group disruption by this peptide
inferred from the colorimetric analysis (Figure 5). Similarly, Alag-
PMBN induced stronger quenching in the NBD-PE/LPS/DMPC/
PDA vesicle system (curve iii, Figure 6B), explained by the more
pronounced interfacial association of this analogue in the LPS-
containing bilayers.

The quenching rate of the parent peptide PMB was the
slowest among the peptides examined in the two vesicle systems
(curve i, Figure 6). This result might correspond to a lesser
interfacial localization of PMB compared with its analogues.
Deeper penetration of PMB into the bilayer in the LPS-containing
vesicles was also inferred from the colorimetric analysis (Figure 5

© 2003 Biochemical Society
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Table 3 Hyperfine splittings 2A;, (in mT) obtained from the ESR spectra
of 5-DS incorporated within lipid/PDA vesicles in the presence of different
concentrations of PMBN analogues

The experimental error was +0.02 mT.

Ay, ()
Peptide Vesicle composition . . . DMPG/DMPC/PDA LPS/DMPC/PDA
None (control) 4.81 4.75
PMBN 5.14 5.38
Alag-PMBN 5.30 553
dPMBN 557 5.49

above). The slowest quenching rate induced by PMB in the NBD-
PE/DMPG/DMPC/PDA vesicles (curve i, Figure 6A), however,
seems different from the colorimetric measurements in DMPG/
DMPC/PDA vesicles (Figure 5A), which indicated intermediate
penetration of the peptide into the DMPG/DMPC bilayer. This
discrepancy could be related to the different biophysical par-
ameters measured in the two experimental approaches — bilayer
disruption in the colorimetric analysis compared with fluor-
escence decay of a surface-incorporated fluorescent probe in the
quenching experiment.

ESR data, acquired using phospholipid/PDA vesicles incor-
porating stearic acid to which the doxyl spin label is covalently
attached in carbon position 5 in the acyl chain (denoted 5-DS),
illuminate the dynamic effects of peptide binding on to the lipid
moieties within the lipid/PDA vesicles (Table 3). Spin-labelled
lipid probes have been extensively used as a tool for probing the
organization and local motion within lipid membranes [36,37].
The lipid/spin-label molar ratio of 100:1 employed in the experi-
ments described here does not alter the properties and organization
of the phospholipid/PDA vesicles. In particular, the colorimetric
transformations of the vesicles were not affected by addition
of the spin label [15].

Table 3 outlines the values of the parallel hyperfine splitting
parameter, 2A/ , obtained from the ESR spectra of 5-DS labels
incorporated within the two lipid-vesicle models after the addition
of the different PMBN analogues. It is generally recognized that
the 2A! parameter reflects the spin-label dynamics within the
slow-motion region [36]. The ESR results in Table 3 indicate that
the PMB derivatives modify the dynamic properties of the lipid
moieties. In all samples the peptides gave rise to significantly
higher 2A!  values of the doxyl label — corresponding to greater
rigidity of the lipid domains surrounding the spin label [36].
Importantly, these changes in the 24/, splitting of 5-DS seem to
parallel the colorimetric transitions induced by the peptides (Fig-
ure 5) and the fluorescence-quenching data (Figure 6). dPMBN,
for example, induces pronounced stiffening of the lipid assembly
both in DMPG/DMPC/PDA vesicles (2A], =5.49 mT) and in
LPS/DMPC/PDA vesicles (2A], =5.57 mT; Table 3). These data
are consistent with the binding of dPMBN at the lipid/water
interface, because the spin label in 5-DS is adjacent to the lipid
head-group region. The ESR results recorded for Alagc-PMBN also
corroborate the colorimetric and fluorescence data. Specifically,
the higher 2A! value of 5.53 mT induced after the addition
of the peptide to LPS/DMPC/PDA vesicles compared with a
2A! value of 5.30 mT in DMPG/DMPC/PDA vesicles indicates
a stronger interfacial binding when LPS is present in the bilayer.
PMBN gives rise to moderate increases in the 2A’,, values in
both vesicle systems (5.14 and 5.38 mT in DMPG/DMPC/PDA
and LPS/DMPC/PDA vesicles respectively; Table 2), suggesting
deeper penetration into the lipid bilayer.
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DISCUSSION

The present study analysed structural aspects of membrane
binding and lipid interactions of PMB and its derivatives. The
colorimetric assay facilitated comparisons between the effects of
ring modification (in the case of PMBN and dPMBN) and side-
chain substitution (Ala;-PMBN) on the association and pen-
etration of the peptides to a biomimetic lipid/polymer assembly.
The results point to distinct parameters affecting the biological
activities of the PMBN analogues.

The binding data in Figures 3 and 4 clearly demonstrated that
the presence of LPS within lipid assemblies promotes higher
peptide affinities and more pronounced interactions of the peptides
at the lipid/water interface. The colorimetric and spectroscopic
analyses further indicate that LPS not only induces stronger
binding of the peptide analogues to the vesicles, but also elicits
specific surface interactions. This interpretation is based upon the
steeper rises in %CR versus peptide concentrations depicted in
Figure 5, as well as the faster fluorescence quenching (Figure 6)
and greater rigidity of the lipid bilayer (Table 3).

The experiments illuminate the possible functional roles of
the cyclic ring and hydrophobic terminal residue of PMB. The
colorimetric data suggest that the cyclic ring not only has a
distinct role in peptide attachment to the membrane interface, but
also affects the degree of penetration into the lipid assembly. In
that regard, the comparison between lipid interaction and relative
penetration of PMBN and dPMBN, which differ only in the
chirality of ring residues, yielded important information. dAPMBN
strongly interacts with the lipid head-group region and does not
insert deeply into the membrane — inferred both from the affinity
measurements (Figures 3 and 4) as well as the colorimetric and
spectroscopic data (Figures 5 and 6). The predominant interface
association of dPMBN most likely explains the significantly
decreased biological action of the peptide [13].

Distinct behaviour was observed for PMBN. The colorimetric
and spectroscopic data suggest that PMBN undergoes deeper
insertion into the lipid layer, regardless of whether DMPG or
LPS are present within the lipid assembly. This result is quite in-
triguing, particularly in the light of the absence of the hydrophobic
residue in PMBN, and might point to the significance of the cyclic
ring for directing the peptide into the alkyl core of the lipid bilayer.
Importantly, the insertion of PMBN is consistent with the presence
of the hydrophobic segment D-Phe-Leu in the ring, which has re-
cently been shown to serve as an important recognition factor [38].
This conclusion further explains the similar binding properties
of dPMBN and PMBN, but the almost complete biological
inactivation of dPMBN [13]. In addition to the essential functional
role of the PMBN ring, the data testified to an involvement of the
mildly hydrophobic Alay peptidic side chain in lipid interactions,
particularly in binding at the lipid/water interface. Owing to its
long lipophilic peptide residue, Ala;-PMBN was expected to
penetrate relatively deeply into the lipid core. However, significant
interfacial perturbation rather than penetration was detected when
LPS was present within the lipid assembly (Figures 5 and 6 and
Table 3). The effect of Alac-PMBN on the head-group region
of LPS/DMPC/PDA appeared even stronger than PMBN. This
result attests to the fact that the side chain, and not only the cyclic
moiety, contributes to interactions with the LPS head-group and
participates in molecular rearrangement closer to the lipid/water
interface.

The experiments seem to underscore important molecular as-
pects pertaining to outer-membrane permeation and lytic activity
of PMB. The colorimetric assay indicates that the parent peptide
induces perturbation both at the lipid/water interface as well
as deeper within the hydrophobic interior of the membrane.
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The experimental observations indeed suggest that the potent
biological effects of PMB, specifically its membrane- permeation
properties and high toxicity, are related to its ability to disrupt
both lipid head-groups as well as the hydrophobic domains of the
membrane. This interpretation could also explain the generally
lower permeation and reduced lytic activities of the molecules
derived from PMB; alteration of either the ring or the terminal
acyl residue might interfere with the capabilities of the peptide to
penetrate and disrupt cellular membranes.

The experiments presented here could underscore distinct
molecular aspects pertaining to outer membrane permeation
and lytic activities of PMB and its derivatives. The biomimetic
lipid/PDA vesicle assay demonstrated that the peptides induced
perturbations both at the lipid/water interface as well as deeper
within the hydrophobic interior of the membrane. Furthermore,
the present study indicates that attachment to the lipid bilayer,
and the degree of penetration into the lipid bilayer, are two distinct
events in membrane interactions of the peptides.

R.J. is a member of the llse Katz Center for Nanotechnology and Mesoscience, and is
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Professorial Chair of Protein Research at the Weizmann Institute of Science.
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